Abstract-This paper describes a numerical method of 2 -way fluid structure interaction (FSI) analysis, based on CFD/CSD models with low computational solution time. The 2 -way fluid structure analysis was used to obtain the dynamic response of DIFIS System riser tubes (RTD) under sea currents motion. DIFIS System was proposed for oil recovery from shipwrecks and for the elimination of the pollution threat. The computational analyses of the risers were performed in SIMULIA Abaqus. The analysis of polyethylene riser was based on the calibrated numerical results, experimental results from hydrochannel tests and a structural dynamics methodology. The polyethylene riser experience a damped oscillatory motion under operational loads. Existing experiment outputs and 1 -way fluid structure interaction analysis results were used as benchmark to verify the simulated results. In overall, the comparison between the results of this survey and hydrochannel experiments and 1 -way fluid structure interaction analyses of polyethylene riser prove the excellent performance of Abaqus cosimulation execution.
of the flow field around the part of riser tube were investigated using Fast Fourier Transform (FFT) to obtain the frequency of the hydrodynamic forces. The results of the study show that the 15 meter polyethylene riser could avoid the vortex shedding and the riser responds as static. Moreover, the results of the study [4] has been validated and compared with experimental measurements from MARIN's hydrochannel [5] .
FSI in slender offshore pipes are part of study from many researchers during the recent years especially for VIV phenomenon [6] . The development of the computer's hardware and software was crucial for the realization of these analyses. The use of millions elements for mesh modeling in CFD models is observed in studies [7] , [8] , since the fluid domain around the riser tube is very large. In study [9] , there is a comparison between computational results and experimental data and it is mentioned that there are possible optimizations due to the rapid development of computers' memory (RAM). In master thesis [10] , a study of mesh comparison was performed in order to define the appropriate number of elements in CFD model. The results were interesting and showed that with the augment of elements there was a decrease in accuracy. Additionally, it was highlighted the importance of step time in FSI analysis.
In this paper, the main scope was the study of a 2 -way fluid structure interaction analysis. Specifically, the fluid -structure interaction analysis is an important part of the study of riser's structural materials and length. The legitimate application of the problem's physics, in the development of CFD and CSD models, without augment the computational cost and time, was the philosophy in the FSI analyses. Concisely, the aims of this work were:
 The Riser Tube's main section 2 -way FSI study of DIFIS system, in the turbulent flow range ( > 5 * 10 4 )  The development of accurate computational models (CFD, CSD) with low solution time.
II.
THE DIFIS SYSTEM DIFIS System was developed and funded during EU FP6 Framework for the oil recovery from shipwrecks [3] , [4] , [11] . DIFIS System is a flexible and quick -deployed structure around the shipwreck, which is able to remain in place until the pollution threat is eliminated. DIFIS System consist of 7 main parts: a) Buffer Bell, b) Riser Tube, c) Stiffening Rings, d) Dome, e) Dome Interface Unit, f) Anchoring System and g) Mooring Lines (Figure 1 ). 
DIFIS riser tube (RTD)
Riser Tube (RTD) (Figure 2 ) is a main component of DIFIS System, which guide the oil from the shipwreck to the Buffer Bell. The Riser Tube design was based on functional specifications which are strongly related to the marine environment (Table 1) . The Riser Tube column consists of 15 meter tubes, connected with Stiffening Rings. The external diameter of the tubes is 2 meters. Each part of Riser Tube is stressed under sea currents motion and transfers the reaction load to the mooring lines (at the periphery) through the stiffening rings. The Riser Tube column is made from PE100 ( Table 2) . The Riser Tube is vulnerable to the sea currents, due to mechanical and physical properties of polyethylene. For this reason, the design of the DIFIS's Riser Tube has based on the high natural frequencies of the structure, in order to prevent resonance [4] . 
III. FLUID STRUCTURE INTERACTION 3.1 2 -way fluid structure interaction
A 2 -way fluid structure interaction analysis is used when the interaction between the fluid and the structure is significant and the structure displacements are large. With a 2 -way fluid structure interaction analysis is possible to capture the structure motion in dynamic phenomena such as VIV. Figure 3 represents a partitioned approach of a 2 -way coupling algorithm between CFD and FEA solvers. During the first time step the CFD solvers converges and provides the hydrodynamic forces for the FEA solver. The hydrodynamic forces are obtained in the coupling surface as boundary conditions from FEA solver. As consequence the mesh is deformed. These structure displacements are interpolated in the coupling surface of the CFD solver, causing a deformation in the fluid domain. The process is repeated until the completion of the computational time. Time step has to be selected carefully in order to prevent the increase of residuals, which can lead to solver interruption. Figure 4 shows the transferred data between the two solvers and the results that can be extracted from each solver. 
Flow model
The governing equations for the fluid are the unsteady Reynolds Averaged Navier Stokes equations (RANS). For an incompressible Newtonian fluid, the equations are expressed as below:
(1)
Where U is the averaged velocity, u' is the fluctuating velocity, P denotes pressure, ρ represents density, Sji is the rate of strain tensor and μ represents molecular viscosity. Additional equations needed due to number of unknown variables [12] . In this study, two different viscous models were used. The k -omega SST for lower Reynolds numbers and the RNG k -epsilon for greater Reynolds numbers.
Structural dynamic modelling
The motion of a riser tube exposed in sea currents can be described by the equation (3) .
Where [M] denotes the mass matrix of the structure, [C] represents the damping matrix, [K] is the stiffness matrix of the structure and ,̇,̈ are displacement, velocity and acceleration respectively. The vector of the external loads {F(t)} can be written as a summation of the parallel to the flow acting forces (drag) and the vertical to the flow acting forces (lift). Drag force may induce in -line vibration and lift force may induce cross -flow vibrations. Vortex induced vibrations are caused from the lift force, which can be analyzed as described in equation (4) [13] .
IV. MESH CONVERGENCE The evaluation of the mesh convergence is an important factor in computational analyses. Mesh convergence identifies the result's error for the computational analysis. Moreover, the mesh convergence assists to the specification of the necessary amount of elements that has to be used for the computational model, without the increase of computational time. CFD and CSD mesh convergence analyses were performed to specify the above parameters.
CFD mesh verification (riser without mooring lines)
The study of mesh convergence in CFD model focused in the boundary layer around the riser without mooring lines. This initial modeling was used for the results' verification between the rigid cylinder experimental data [14] and the computational model. In the evaluation of the mesh convergence the riser model had the same dimensions as a part of the Riser Tube of DIFIS System. The Reynolds number in the mesh evaluation was 1.4 * 10 6 and the viscous model was the k -epsilon RNG. Primarily, the thickness of boundary layer was investigated. The case studies are presented in Table 3 . The number of periphery elements is the same in all the cases, equal to 40. In case 1 b.l., the thickness of the boundary layer has the same value of the theoretical boundary layer [14] :
The number of boundary layer thickness, is40.5 . The thickness of boundary layer increases in the other cases, as presented in Table 3 and the number of elements increases proportional (F). This modification for the boundary is necessary because equation (5) is based on flat plate assumption. Using different cases, we exact the most appropriate mesh for most accurate solution. This sensitivity study is important as the riser is a cylindrical structure. In Figure 6 the drag coefficient versus simulation time is presented. The results are compared with smooth cylinder's experimental data [14] . Following the comparisons, the 3 b.l. case was selected as the most appropriate mesh regarding the low solution time for the model. For the mesh generation the command "Bias" was also used. The cases studies are presented in Table 4 . The number of elements at the thickness of the boundary layer ranges from 5 to 15. In Figure 8 the drag coefficient regarding the simulation time is presented. 
CSD mesh verification (riser without mooring lines)
Following the comparisons, the 3 b.l. -10 elem. case was selected as the most appropriate mesh regarding the low solution time for the model. The differences, for all the cases are negligible. The vertical displacement converges for values greater than 200 elements lengthwise. The selection of the elements on the RT's periphery and length is based on two factors: the results' accuracy and the simulation time. From Figure 10 , the periphery elements number is selected. The solution time is depended on the computer's RAM (8 GB) and Processor (Intel Core i7-2630QM). Following this, the most convenient case was the 2 nd (48 elements in periphery) and 80 along the RT.
Turbulence models validation
The viscous models behavior in different Reynolds numbers (Re) is very important, because the Riser Tube experiences in different velocities from 0.1 / to0.7 / . Two viscous models were set for analysis: 1) k -omega SST and 2) RNG k -epsilon, for two different Reynolds numbers, 1.4 * 10 6 and2 * 10 5 . In Figures 11 and 12 the drag coefficient in relation with time is presented for these 2 viscous models, for = 2 * 10 5 and = 1.4 * 10 6 respectively. From the literature, the drag's coefficient curve in relation with Re, the theoretical value of drag coefficient is 0.75 for = 2 * 10 5 and 0.48 for = 1.4 * 10 6 [15] . For = 2 * 10 5 , k -omega SST model has better response compared to RNG k -epsilon model (Figure 11 ). On the other hand, for = 1.4 * 10 6 , the RNG k -epsilon model shows better results than the k -omega SST model (Figure 12 ). For Reynolds number2 * 10 5 , the vortex path is fully turbulent so the RNG k -epsilon viscous model cannot produce accurate results to predict the vortex motion. In contrast, the k -omega SST model has been developed to predict adverse pressure gradient, boundary layer flows and separation. For = 1.4 * 10 6 , the laminar boundary layer has undergone turbulent transition and the wake is narrower. The RNG k -epsilon turbulent model leads to better results regarding to randomness in the flow.
Modeling approach of CFD/CSD models (riser with mooring lines)
The verification of Riser tube without mooring lines was mandatory for the FSI analysis. The similar analysis for the Riser's boundary layer thickness was applied for the mooring lines' boundary layer estimation. The intermediate domain among riser and the mooring lines was adjusted to satisfy the relation of the different boundary layers.
Figure 13. Mesh adjust among riser and mooring lines
In addition, problem set up parameters of CFD and CSD models are important for the FSI model's accuracy. The specifications and the models assumptions are based on simulation time minimization and peak residual errors prevention (Table 6 ). The fluid domain has been generated in CATIA (Figure 14a,b) following the proposed dimensions [4] . The mesh parameters are presented in Table 7 . V. RTD ANALYSIS Modal analysis and FSI analyses were performed for RTD. The results of the FSI analyses were compared with the results by 1 -way FSI [5] and hydrochannel tests [4] , [16] [17] [18] [19] .
RTD modal analysis
A modal analysis was conducted for the RTD in order to specify the dynamic characteristics of the riser filled with sea water. In Table 8 the results of the modal analysis are presented. Specifically, the first 10 modes are presented and it is observed that there are couples of conjugate modes ( Figure  15 ). 
Results of DIFIS riser tube (RTD)
A full study of design, analysis and optimization of DIFIS System has conducted in studies [4] in which all the components of DIFIS System has been optimized using structural and hydrodynamic numerical codes. In this paper, 2 -way fluid structure interaction analysis has been performed. The response of RTD with length of 15 meters was investigated for flow velocities from 0.1 / to0.6 / . The case studies are presented in Table 9 . The scope of this study was to obtain the co -simulation function of Abaqus and to validate the results with the corresponding results from the 1 -way FSI analysis [5] and hydrochannel tests [4] . For each case study pressure and velocity contours, lift and drag coefficient and the displacement of the center of the riser on the horizontal x -axis and on the vertical y -axis are presented. The drag coefficient fluctuates in the first 200 sec and after reaches the value 0.62. Similarly, the lift coefficient reaches the value 0.05 after 300 sec. In the x -axis, the riser reaches a steady displacement ( = 1.15 * 10 −2 ) after 200 sec. The vertical displacement reaches a steady value of 1.4 * 10 −3 after 300 sec. This response could be referred as static. The drag coefficient reaches the value of 0.56 after an initial damped oscillation. The lift coefficient performs a heavy damping oscillation and after 150 seconds performs a sinusoidal oscillation between −0.1 * 10 −3 and 0.5 * 10 −3 . The response is oscillatory but with very low amplitude for lift, similarly to rigid cylinder behavior. For both displacements, the response is damped till 200 sec. After this, the horizontal displacement reaches the static equilibrium at 0.09
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. The riser's vertical displacement performs a damped oscillation with a maximum value 3.64 * 10 −4 . Regarding the response, the total displacements are lower than the riser's diameter due to its stiffness. The riser's behavior is defined as quasi static. The drag coefficient's behavior reaches undamped sinusoidal oscillation with steady amplitude after 120 sec. An average drag coefficient can be selected equal to 0.65. The lift coefficient oscillates with steady amplitude and an average value of lift coefficient can be selected equal to 0.1. Similar to hydrodynamic forces, the riser oscillates and the amplitude of oscillation decreases until it stabilizes after the time of 150 seconds. The displacement on the y -axis is oscillatory ( Figure  27 ) and the amplitude reaches the range from -0.37 to 0.52 . In Table 10 , the DIFIS's RT displacements comparisons between the 2 -way FSI analysis (present study), 1 -way FSI analysis [5] and an experimental study [13] , [20] are presented. To identify the resonance frequency, the Fast Fourier Transform (FFT) was applied. The result of the FFT analysis is presented in Figure 28 . The peak amplitude of the lift coefficient is close to 0.9 . The load frequency is far from the riser's first natural frequency, so there will be no lock -in phenomenon. Theoretical vortex shedding frequency is calculated from the dimensionless proportional constant of Strouhal number, the free stream velocity and the cylinder diameter [4] .
The theoretical vortex shedding frequency is very close to the frequency that was calculated from the FFT analysis. The vortex shedding frequency has a significant difference form the first natural frequency of the riser ( = 0.09 < = 2.1294 ). The difference between the two values is based on the local deformations of the riser and on the presence of the mooring cables in the periphery of the riser. The theoretical method which calculates the Strouhal number is based on a single rigid cylinder. 
VI.
CONCLUSION In this survey, 2 -way fluid structure interaction analyses were conducted in order to estimate the ability of Abaqus co -simulation execution to obtain the dynamic response of DIFIS System riser tube. As has been noted, the developed CSD and CFD models were based on low computational solution time, provided that a new approach in numerical analyses. In summary, accordingly to the above results, it is obvious that:
a) The maximum displacements do not exceed the limits from the hydrochannel tests and system analysis. From the 2 -way FSI analyses of RTD, the displacements in both axis did not exceed the critical value of 1 from 1 -way FSI [5] and hydrochannel tests [14] . The 2 -way FSI results were successfully verified by these 2 different methods. The responses of the RTD can be characterized as static or quasi static in low Reynolds numbers and oscillatory in high Reynolds numbers. b) Excellent co -simulation functions from Simulia Abaqus The co -simulation execution of Abaqus Simulia prove that it can obtain successfully dynamic structural response under the effect of dynamic flow phenomena such as VIV.
The mesh generation was focused on the space around the RT and mooring lines and the mesh convergence study shows very good results for the CFD models changing the number of elements along the boundary layer's thickness. The results from the mesh convergence/verification models are very close to the corresponding theoretical values for the drag coefficient [12] . Regarding the turbulence models, the k -omega SST had a better behavior in low Reynolds regime ( = 2 * 10 5 ) in comparison with the RNG k -epsilon. For higher Reynolds regime ( = 1.4 * 10 6 ), RNG kepsilon performs better leading to better estimation for the drag coefficient.
